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ABSTRACT 
This thesis presents a design of 
• microprocessor controlled 
theater lighting instrument. The design must be remotely controllable 
by a single user and quiet while in operation. By allowing the 
lighting designer to directly control the instrument, the d.esign will 
decrease the amount of time and work needed to prepare the lighting 
system for a show. 
A prototype of the design was b~ilt and tested. An analysis of 
the performance of. each subsystem of the prototype is presented. The 
prototype performed as expected, however its performance could be 
improved by decreasing its size and use of lighter weight materials. 
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INTRODUCTION 
The introduction is divided into four sections: 
(1) A description of the project. 
· (2) Reasons for development. 
(3) A brief background on theater lighting. 
(4) A description of a typical theater lighting instrument and 
its use. 
Description of the Project 
The goal of this project· is to design and build a prototype of an 
automated, 
instrument. 
remo.tely controlled, columnated, theater· lighting 
A columnated. lighting system performs all of the 
mechanical functions of a lighting instrument (shaping, focusing. and 
coloring) 
I 
on a vertical beam (column) of light. The beam is directed 
to the stage by mirrors. Thus, only the mirrors are moved to change 
the position of the image onstage rather than the entire instrument. 
The d~sign must meet the following requirements: 
(1) The design must perform all of the mechanical functions of a 
theater lighting instrument. 
(2) All mechanisms must operate quietly. · 
J 
(3) All mechanisms must be remotely controllable by a sirtgle 
user. 
• 
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' (4) The positions of all mechanisms must be stored in the 
computer control memory. 
(5) Any stored set of positions can be recalled from memory 
and repeated by the mechanisms. 
Reasons for Development 
(1) The lighting designer will be able to directly control the 
instrument. No workers will be needed to assist during set 
up. ,~ , 
(2} The light will be a permanent fixture. It would not 
require hanging and wiring before a show or storage between 
shows. 
', 
(3) The position of the light can be .changed during a show, thus 
t' 
j . 
eliminating some of the need for multiple hanging of lights. 
(4) Any modification of the s.et up ca.n be done conveniently [2] . 
Background on Theater Lighting 
Theater lighting is the artistic use of light to "paint' the 
scene of a play. Theater lighting reveals the actor(s) and 
enviroTUDent to the audience, places the action and establishes a mood 
for the play. This is done using the four qualities of light a.nd the 
four artistic functions of theater lighting. 
The four qualities of light are: 
(1) · Intensity 
(2). Color 
3 
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(3) Distribution 
(4) Movement 
Intensity relates to the level of brightness of light onstage. 
Color relates to the tint of the light. It can be used to 
enhance or subdue the colors of the the set or the actor's £ace or 
costume. Color is also used to reveal the form of objects on stage. 
Distribution describes the placement and direction of the light 
source and the position and shape of the light onstage. Distribution 
can highlight textures or distort shapes and £aces. 
Movement can be a change in any of the the other qualities of 
light, for example, changing the intensity, color and distribution of 
the light to simulate a sunset [1,2]. 
The four artistic functions of theater lighting are: 
(1) Visibility 
(2) Plausibility 
(3) Composition 
(4) Mood 
Visibility is how well you can see what should be seen and how 
well what should not be seen is obscured, for example, the shadowed 
corners and bright arc.a around a street lamp as opposed to the general 
illumination of a s~nlit meadow. 
Plausibility is how close to or how far from reality the stage 
picture· appears, for example, a natural outdoor scene versus a scene 
from a ghost story. 
4 
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Composition relates to the overall picture. It is what you see, 
for example, a sunny day or a candlelit night. 
Mood is the feeling that is created by the lighting. Whether it 
is a bright and cheery feeling for a comedy or a feeling of impending 
doom for a tragedy, its purpose is to reinforce the theme of the play. 
Description of a Typical Theater Light and its Use 
The purpose of the this section is to explain: 
(1) What theater lighting instrument • a 15. 
(2) What a theater lighting instrument does. 
(3) How a theater lighting instrument works. 
(4) How a theater lighting instrument is used. 
A lighting instrument is enclosed in a small meta.l chassis. It 
consists of a dimmable light source, an ellipsoidal .reflector, movable 
shutters and lenses mounted on the inside of the chassis and coloring 
media {gel) and supporting hardware mounted on the outside, Figure 1. 
The mechanical functions of a theater lighting instrument control 
the position, shape, focus and color of a light onstage. 
A typical theater light uses a 1000 W tungsten-halogen lamp for a 
.. 
light source. The light produced is reflected from the ellipsoidal 
reflector to produce an even di~tribution of light on a circular 
. 
aperture, called the gate. The ~hape of the image to appear onstage 
is created at the gate by four hand positioned shutter blades that can 
be moved or rotated to change the· shape of the aperture. The shape of· 
the aperture is projected onto the stage by one or two hand positioned 
lenses. The • size and focus (sharp and clear versus fuzzy) of the 
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image onstage can be changed by moving the lenses. ·The color of the 
light can be changed by inserting a color gel into a slot on the end 
of the chassis. The chassis can be pointed in the desired direction 
and then clamped into place using the supporting hardware. Theater 
lights are classified by lens diameters and focal lengths. Different 
lens combinations are used for different purposes. 
When theater light • used, lighting plot • developed which a lS a lS 
shows the type, placement and approximate direction of each 
instrument. The instruments are removed from storage and are hung 
from a network suspended of pipes. Each light is hung by hand from a 
ladder or catwalk. A jumper cable is run from the light to a nearby 
circuit plug. The opposite end of the circuit is located at a patch 
panel. 
dimmer. 
The_ patch panel is the interface between the lights and the 
A group of lights can be patched together and controlled by 
one dimmer. Once all the lights have been connected to a dimmer, the 
instruments must. be focused. Each instrument is adjusted 
individually. The lighting designer, by directing a worker on a 
ladder nearby the instrument, shapes, focuses, colors and positions 
the image onstage. The worker moves the shutters and lenses, 
positions the light and uses different color gels, until the lighting 
designer is satisfied. Since multiple sets.of lights are necessary to 
light different scenes, set up • lS a long process. The lighting 
arrangement cannot be changed during a show and any modifications 
before a show require ladders and workers to make any changes [2]. 
6 
/ 
DESIGN DESCRIPTION 
The design is divided into six subsystems. 
(1) Beam cooling system: Reduces the amount of infared light 
(heat) in ·the beam . 
.(2) 
(3) 
(4) 
(5) 
(6) 
Shaping system: Creates the image to appear onstage. r 
·Focusing system: Projects and focuses the image onstage. 
Color system: Colors the light beam. 
Beam position system: Positions the image onstage. 
Control system: Controls all mechanisms. 
The pr_ob·1em· description, desig-n description and analysis of a 
prototype of each _system w.ill be presented. 
Beam Cooling System 
Problem Description 
The problem is to remove a large percentage of the infared light 
from the beam. The 1000 watt lamp used in theater lights produce
s 200 
watts of visible light and 800 watts of infared light. Heat fro~
 the 
' infared light must be reduced because, if present, it would warp
 the 
m_etal parts of the shutter system, push the motor temperatures 
above 
their prescribed operating conditio_ns, and destroy the coloring m
edia. 
Design Description 
A dichroic reflector 
from ·the beam, Figure 2. 
and filter are ·used to remov~ the infared 
A dichroic is a surface coated with a thin 
7 
film which selectively transmits or reflects incident light. The 
wavelength of the light determines whether it is transmitted or 
reflected [3]. 
The reflector was manufactured by Bausch and Lomb, Appendix 1. 
'-.... 
The dichroic surface transmits infared light into the substrate 
.,. 
material of the reflector, where it is absorbed. The reflector 
absorbs a large amount of infared light. Uncooled, the substrate 
material 0 reached temperatures over 475 C. High temperatures decrease 
the efficiency of the dichroic coating and may damage its surface [4]. 
A water jacket is used to cool the reflector. Air cooled fins also 
were considered. However they would not lower the reflector 
temperature significantly· and would be difficult to manufacture. 
? 
The filter is a Car.ion HR-750 "hot mirror", Appendix 1. The 
filter is placed 2 inches from the open end of the reflector. The 
"hot mirror" reflects infared light back into, the reflector but 
transmits the visible light. 
Analysis of Present Prototype 
The prototype water jacketed reflector removed approximately 275 
W of heat from the beam. The temperature of the focal point of the 
,. 
light beam (at full power) dropped from 736°C for an ·uncooled aluminum 
reflector to 362°C for the cooled dichroic system (at 1.45 GPM water 
flowrate in the jacket). r.., 
J r. 
8. 
· .. 
The prototype was virtually silent in operation and the substrate 
·t . 1 t t k t t t t below 20°c. ma er1a empera ure was ep a a empera ure 
The drawbacks of the present design are: 
(1) Water is close to high voltage electrical components. 
(2) The dichroic filter may overheat and crack after prolonged 
of use of the light at high power. 
(3) Maintenance may be necessary to prevent clogging of the 
tubing. 
The prototype could be improved by: 
(1) An alternate method of heat removal. 
(2) An improved dichroic surface for the reflector which would 
increase the efficiency of the beam cooling system and 
reduce the temperature of the dichroic filter. 
(3) Installation of fins inside the water jacket to insure a 
turbulJnt flow [5] which would increase the amount of heat 
removed froa the reflector. 
(4) An improved · heat resistant dichroic filter that would not 
crack at high temperatures. 
Shaping System 
The shaping system has two parts: an image shaping system and 
and an • • 1r1s shaping system. The image shaping system creates the 
shape of the image to appear onstage. The iris system is a_special 
9 
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application not commonly used in theater lights. The irises are 
mainly used in f o1low spotlights. 'l'he iris system narrows down the 
beam to highlight something onstage. 
Image Shaping System 
Problem Description 
The problem is to create the image to appear onstage. The image 
must be created by a method similar to the four hand positioned 
shutter blades in a normal theater light. To produce a good focal 
plane image the shutter blades cannot .be separated by more than .063 
inches. 
Design Description 
The shutter blade, Figure 3, is made f ram a Stock Driv-e Products 
4. 5 inch pitch diameter, 0. 063 inch face width gear, Appendix· 1. The. 
shutter blade is rotated by a 0.483 inch pitch diameter Stock Drive 
Products gear, Appendix 1, driven by an Airpax K82230-P2 stepper 
motor, Appendix 1. A layer of aluminum foil is placed over the motor 
to act as a radiation shield to pre~ent the motor from overheating. 
The motor and shutter blade are mounted on a slide link. The~lide 
link is·· mounted on a Precision Industrial Components PB2-20 linear 
ball bearing slide, Appendix 1, which allows the shutter blade to move 
in and out of the aperture. The slide link is driven by an Airpax 
L92411-P2 linear actuator, Appendix 1. The linear bearing is mounted 
10 
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on a .063 inch aluminum plate with a 3 inch circular aperture in the 
center. The system consists of four shutter blade units. Two shutter 
blade units are mounted on each side of the plate [6,7]. 
Analysis of Present Prototype 
The prototype produced a good focal plane image. However, the 
end of the slide link produced a small distortion in the image 
onstage. Extending the edge of the shutter blade beyond the end of 
the slide link would eliminate the distortion. 
The prototype was quiet in operation. The only ndise detected 
was: produced by the shutter blades sliding on the mounting plate. 
Drawbacks of the present design: 
(1) The linear actuators are· larger than necessary. 
(2) The .063 inch aluminum mounting plate warped slightly. The 
warp is responsible for the sliding n:oise produced by the 
shutter blades. 
(.3) The system requires too ·much space in the beam. The first 
lens of the focusing system cannot be positioned within 1.25 
inches of the gate (due to the size of the Airpax K82230-P2 
stepper motors used to rotate the shutter blade). If the 
l9ns could be .positioned closer to the gate, more lens 
combinations could be used to project the image to the 
stage. Other lens combinations would decrease the size of 
the instrument substantially. 
11 
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The prototype could be improved by: 
·~· 
(1) Replacing the Airpax L92411-P2 linear actuators with the 
(2) 
smaller Airpax L92211-P2 linear actuators, Appendix 1. This 
replacement would not affect the performance of the 
prototype. The L92211-P2 was not avail ab.le when the 
. 
prototype was built. 
Mounting 
\, 
th~ shutter blade assemblies on a thicker plate 
or a .063 inch steel plate would eliminate the problem of 
• warping. However, sections would have to be milled out of 
the thicker plate to allow the shutter blades to be within 
0.063 inches of each other. 
(3) A smaller motor to replace the Airpax K82230-P2 would allow 
other components to be placed closer to the gate. 
Iris Shaping System 
Problem Description 
The problem • lS to narrow down the beam by interfering with the 
light before the shaping system. The iris system must not interfere 
with the light when not in use. 
Design Description 
An Edmund Scientific D60644 Iris is held in place against an 
' 
aluminum plate by. a circular aluminum clamp, Figure 4. The clamp has 
'' 
a notch cut into it to allow the lever, which operates the iris, to 
. ' 
move freely. The lever is attached to Precision Industrial Components 
12 
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miniature pitch roller chain, Appendix 1, which rides on a ridge on 
the circular clamp. The chain • lS driven by an Airpax K8242l-P2 
stepper motor, Appendix 1 [8]. 
Analysis of Present Prototype 
.... 
The prototype performed as expected. It narrowed the beam 
silently and did not interfere with the beam when not in use. 
There is a small amount of backlash in the connection between the 
chain and the operating lever of the • • The system could be 1r1s. 
improved by an improved connection between the chain and the operating 
lever. 
Focusing System 
Problem Description 
The problem • 1S to project the image from the shutter system to 
the stage. The focusing system must project an onstage image of 
variable • size at 20 to 60 feet from the instrument . The system must 
project both hard (focused) and soft edged (unfocused) images.-
Design Des~ription 
j 
A two lens system is necessary to allow variable size images at 
the same location. The first lens cr~ates a virtual image of the 
shutte·r system and the second lens projects that image to the stage. 
The po~ition of the first lens determines if the image is focused or 
unfocused. The position of the second lens determines the distance to 
J the focused image. To change the size of the image, both lenses must 
b·e moved [9] . 
13 
,. 
.:,. 
f· l 
\~/ 
_, 
' 
' :, 
,'1,'' 
:rt 
•,•"' 
' 
The focal 
program which 
lengths 
I 
computed 
r 
of 
the 
the lenses were determined by a computer 
lens positions for various focal length 
combinations, Appendix 2. After discarding combinations which either 
did not focus or produced impossible lens positions, two lens 
combinations were left. 
(1) First lens focal length 9 inches 
Second lens focal length 16 inches 
(2) First lens focal length 12 inches 
Second lens focal length 16 inches 
The first combination (9" and 16") was chosen because it required 
less lens travel to focus. 
\ 
The 9 inch focal length lens 'is 4.5 inches in diameter. The 
operating positions of the first lens ~ange from 1.75 to 4.75 inches 
from the gate. The lens is placed· in an aluminum holder, Figure 5. 
The holder is moved by a .5 inch drive screw. The d~ive screw is 
powered by an Airpax 4SH-12A46S stepper motor, Appendix 1. 
The 16 inch focal length lens is 6 inches in diameter. The 
oper.ating positions of the second lens range f ram ll to 16. 75 inches 
from the gate. The second lens is placed in an ext~nded lens holder, 
Figure 6. The extension allows the lens to ·be positioned as close as 
possible to the first mirror of the beam direction sys~em (decreasing 
the amount of wasted light). The holder is positioned by a .5 inch. 
drive screw. The drive screw is powered by an Airpax 4SH-12A46S 
stepper motor [10] . . J 
14 
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Analysis of Present Prototype 
The prototype produced a focused image at various distances from 
·the instrument. The system was quiet in operation. 
The prototype operated slowly. The system needed 30 seconds to 
move the lens holder through its entire range of motion. 
\ 
The prototype could be improved by: 
(1) Replacing the present drive screw with a drive screw that 
has a coarser pitch. 
(2) Replacing the Airpax 4SH-12A46S stepper motor with a high 
speed high torque stepper motor. 
Coloring System 
Problem Description 
The coloring system must color the beam in a wide variety of 
hues. The system must require very little space in the beam. The 
system must be virtually silent in operation. 
Design description 
The beam • lS colored by a combination of color gels that are 
attached to three. 15 inch clear plexiglas disks, Figu,~e 7. Each disk 
is divided into six pie wedge shaped regions. One region is left 
/V 
clear. The other five 
·v. 
have a different color gel glued in each 
• region. The color gels can be rotated into the beam as desired. The 
color gels from different wheels can be combined to produce different 
colors. Each of the disks is driven by an Airpax K82227-P2 stepper 
" '"7 
motor, Appendix 1 [11]. 
15 
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Analysis of Present Prototype 
The system operated silently and smoothly. The system colored 
the beam without distortion. 
Drawbacks of the present design is its large size. The prototype 
could be improved by an alternate method of coloring the beam, such as 
a mechanism that uses long rolled strips of color gel that can be 
positioned in the light beam. 
Beam Direction System 
The purpose of the beam direction system is to posi t_ion the image 
onstage. The system consists of two parts: a pan mechanism and a 
tilt mechanism. The pan mechanism is a driven bearing system which 
controls the azimuth (horizontal direction) of the beam. The tilt 
mechanism system which controls the elevation • lS a two • mirror 
(vertical direction) of the beam. 
Pan Mechanism 
Problem Description 
The problem • 1S 
azimuth of the beam. 
to rotate the tilt mechanism to control the ,, 
'· 
~ 
The system must allow the second lens of the 
·· focusing system to be as close to the first mirror of the tilt 
mechani·sm as possible. The system must operate smoothly rand silentl_y. 
Design Description 
The pan mechanism is a roller bearing. The six 0.5 inch brass 
rollers, Figure 8, support the rim of a 10 inch Dayco Q84L050 timing 
16 
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• 
pulley, Appendix 
allow the second 
1. The center of the pulley has been milled out to 
lens of the focusing system to pass through the 
center. A bushing attaches to the timing pulley to the tilt 
mechanism. The timing pulley is belt driven by an Airpax 4SH-12A56S 
stepper motor, Appendix 1. The stepper motor is mounted on a spring 
loaded motor mount to maintain belt tension. The pulley is centered 
by two 0.5 inch teflon rollers that roll 6n a raised-section on the 
side of the bushing [12]. 
Analysis of the Present Prototype 
The prototype allows 360 degree azimuth positioning. The bearing 
operates smoothly. The brass rollers make very little noise when 
• 
running. However, the timing belt does not quite fit the timing 
pulley attached to the motor. It occasionally rides up onto the teet.h 
of the pulley. When the belt falls back in place the motor mount 
.rattles. 
·1 
l, 
Drawbacks of the present design 
(1) The bearing is very large and very heavy 
(2) The motor mount rattles occasionally during. op~ration. 
(3) The mechanism operates slowly. 
The prototype could be improved by: 
(1) Decreasing the • size the second lens of the focusing 
. 
system would allow the ·ze of the bearing to be decreased. 
17 
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(2) A prestretched timing belt would eliminate the problems with 
the motor mount. 
(3) Use of lighter weight materials and decreasing the size of 
the • mirror system would improve the performance of the pan 
mechanism. 
Tilt Mechanism 
Problem Description 
The problem is to control the elevation direction of the beam. 
The system must not lose any useful light (light needed to form the 
image onstage). The system must operate smoothly and silently. 
Design description 
The tilt mechanism is a system of two mirrors. The first mirror 
(6 X 12 inch Plex.iglas) is attached to a supporting frame. Th~ first 
mirror reflects the light from the second l~ns of the focusing system 
to the :second • mirror of the tilt mechanism, Figure 9. The second 
mitror (16 X 20 inch Plexiglas) is mounted on a shaft at the end of 
the frame. The shaft is attached t.o an Airpax K82237-P2 stepper 
motor, Appendix 1. Rotating the mirror changes the elevation of the 
beam [13]. 
Analvsis of· the Present Prototype 
The tilt mechanism performs well. It directs the beam without 
losing any light. The mechanism operates silently. 
A. 
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Drawbacks of the present design: 
(1) The mechanism is very large due to the size of the mirrors 
that are necessary to reflect all of the light. 
(2) The mechanism is heavy, which decreases the operating ~peed 
of the pan mechanism. 
{3) The mechanism only allows elevation angles between 30 and 60 
degrees. 
The prototype could be improved ,by: 
(1) Decreasing the size. of the second lens would decrease the 
• of the • needed to reflect all of the light, size mirrors 
decreasing the • of the mechanism and improving the size 
performance of the pan mechanism. 
(2) Use of light weight materials in the t-ilt mechanism would 
improve the performance of the pan mechanism. 
' {3) • sizes of the mirrors would also allow greater Decreasing 
angles of operation. 
·(4) Changing the location, pivot angles and size of the mirr~rs 
would allow a different or improved range o.f elevat:ion 
angles. 
Control System· 
Problem Description 
The problem_ is to allow all the mechanisms to be controlled 
remotely by a single user. The positions of -all mechanisms must be 
able to be stored The system must recall any set of • 1n memory. 
positions from memory and repeat the mechanism positions. 
19 
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Design Description 
The controller • based on a VIC-20 lS 
motors are controlled by eight motor 
controls two motors), Appendix 3. An 
VIC-20 to the motor control boards. 
mechanisms is written in BASIC. 
• The stepper microprocessor. 
control boards (each board 
interface board connects the 
The software to control the 
Each mechanism has a sensor, either a limit switch or an optical 
sensor. The sensor tells the controller when the mechanism is at its 
"home" position. Th~ controller counts how many steps the stepper 
motor moves the mechanism away from the "home" position. The 
. 
positions of each of the mechanisms can then be stored in memory. 
To repeat a position, the controller places all the mechanisms at 
their "home" position. Then moves each mechanism until it is the· 
correct number of steps away from its "home". 
Analysis of Present Design 
Drawbacks of the present design: 
(1) The automatic positioning of the ·mechartism~ is slow. This 
due to the fact that BASIC is a very slow software language 
and that the VIC-20 is a slow microprocessor. 
Improvements to the design: 
(1) Replacing the VIC-20 with a faster microprocessor woulft 
improve the performance of the controller. 
(2) Progra.mming the so£ tware in assembly code rather than BASIC 
would also improve the performance of the controller . 
20 
(3) A commercial controller would do a better job of controlling 
the mechanisms. The controller would need to be one that 
was designed for 12 volt DC stepping motors and designed to 
interface·with the microprocessor used. 
(4) Replacing the stepper motors with DC servo motors should be 
considered. Servo motors are much • easier to control. 
However, servo motors do not provide positional feedback 
unless they are equipped with digital encod\rs. 
CONCLUSIONS 
·• 
The prototype has fulfilled the goals ·of the project. The 
prototype performs all of the ftinctions of a theater lighting 
instrument. It operates quietly and all of the mechanisms are 
remotely controllable. The performance of the prototype could be 
improved by decreasing the size of the subsystems and using lighter 
weight materials. 
"'l 
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Figure 1: A· cutaway view of a typical theater lighting instrument 
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APPBNDII 1 Manufacturer's Specifications 
Airpax Corporation < l 
Cheshire Industrial Park, Cheshire, CT 06410 
(203) ,272-0301 
K82200-P2 Series Stepper Motors (Unipolar) 
DC Operating Voltage 
Resistance per Winding 
Inductance per Winding 
Holding Torque 
Step angle 
Step angle tolerance 
Steps per revolution 
Rotor moment of inertia 
Max. operating temperature 
Bearings 
Weight 
Gear Reduction Ratios 
12 V 
147 ohms 
80 mB 
1.4 oz-in 
7.5° 
+/-1.0° 
48 
2 
.0002 g.m 
100°c 
Bronze Sleeve 
3 oz 
• 
Part Number Gear Ratio Output Step Angle 
K82227 20:1 .375° 
K82230 25:1 .30° 
K82237 60:1 .125° 
38 
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• 
K82400-P2 Serie~ Stepper Motors 
DC Operating Voltage 
Resistance per Winding 
Inductance per Winding 
Holding Torque 
Step angle 
12 V 
91 ohms 
86 mH 
4.7 oz-in 
7.5° 
Step angle tolerance 
Steps per revolution 
+j-0.5° 
48 
Rotor moment of inertia 2 .0012 g.m 
Max. operating temperature 
Bearings 
100°c 
Bronze Sleeve 
6 OZ Weight 
Gear Reduction Ratios 
'-J 
Part Number Gear Ratio 
K82421 10:·1 
Output Step Angle 
.75° 
1 
39 
,, 
.. 
I 
4SH-12A(46/56)S Series Stepper Motors 
46 
.. 
DC Operating Voltage 
Resistance per Winding 
Inductance per Winding 
Holding Torque 
Step angle 
Step angle tolerance 
Steps per revolution 
Rotor moment of inertia 
Max. operating temperature 
Bearings 
Weight 
12 V 
27 ohms 
30 mH 
55 oz-in 
1.8° 
+j-5% 
200 
2 
.010 g.m 
100°c 
Ball 
16 oz 
40 
56 
12 V 
20.5 ohms 
45 mH 
85 oz-in 
1.8° 
+/-5% 
200 
2 
.017 g.m 
100°c 
Ball 
21.5 oz 
I 
L92211 Digital Linear Actuator 
DC Operating Voltage 
Maximum Travel 
Linear Travel per ·step 
Maximum Force 
Maximum Pull-in Rate 
Maximum Pull-out Rate 
Resistance per phase 
Inductance per phase 
Power Cons~mption 
Weight 
12 V 
2.5 inches 
.001 inches 
75 oz 
500 steps/sec 
700 steps/sec 
10 ohms 
5.2 mH 
5 W 
7 oz 
Maximum Operating Temp. 85°C 
192411 Digital Linear Actuator 
DC Operating Voltage 
Maximum Travel 
Linear Travel per Step 
Maximum Force 
Maximum Pull-in Rate 
Maximum Pull-out.Rate 
Resistance. per phase 
Inductance per phase 
Power Consumption 
,_,,. J G 
Weight 
Maximum Operating Temp. 
., 
12 V 
3.0 inches 
.001 inches 
26 lb 
350 steps/sec 
450 steps/sec 
5 ohms 
5 mH 
12 w· 
1 lb 
85°C 
41 
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Bausch and Lomb 
Vacuum Coating Division 
1400 North Goodman St. 
Rochester, NY 
Coated Nickel Iron Reflector per B & L #445828-489 
Winfred K. Berg, Inc. 
499 Ocean Avenue 
East Rockaway, L.I., N.Y. 11518 
(516) 599-5010 
Min-E-Pitch Chain 
Chain Sprockets 
Stock number 3CCF-55-E 
Pitch .15708 inches 
Length 8.639 inches 
Zero Backlash Silent Drive 
Stock number 
,. 
Number of teeth 
3MP28A-20 
20 
3MP28A-40 
40 
Pitch diameter 1.000 inches 2.000 inches 
Outside diameter 1. 062 inches ·2. 062 inches 
42 
\ 
Boston Gear Division 
14 Hayward Street 
Quincy, MA 02171 
(617)328-3300 
BOStonE F-1 Glass Filled Teflon Bar Stock 
Catalog ~umber SP-12 
\ 
Corion Corporation 
73 Jeffery Avenue 
Holliston, MA 01716 
(617)429-5065 
HR-750 Hot Mirror 
• 
Transmits 85% (avg) between 450-675 nm wavelength 
Reflects over 90% (avg) between 750-1200 nm wavelength 
Maximum Operating Temperature 200°C 
· 43 
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Dayco Corporation 
Rubber Products Company 
Dayton, OH 45401 
Synchro-Cog Timing Belt Code 345L050 
Number of teeth 92 
Length 
Width 
Pitch 
34.5 inches 
0.5 inches 
.375 inches 
Synchro-Cog Timing Pulleys 
Pitch Diameter 
Code 
Number of teeth 
Weight 
. 
Edmund Scientific 
101 E. Gloucester Pike 
Barrington, NJ 08007 
(800)222-0224 
D60,644 P~ecision Iris Diaphram 
Outc;ide Diaaeter 
Max. Aperture 
Min. Aperture 
Thickness 
Material 
150.0 mm 
110.0 mm 
7.0 mm 
13.0 mm 
Aluminum 
44 
.. 
M10L050 Q841050 
1.194 inches 10.027 inches 
10 
.2 lb 
84 
7.8 lb 
Precision Industrial Components 
P.O. Box 1004, Benson Road 
Middlebury, CT 06762 
(203)758-8272 or (800)243-6125 
PB2-20 Precision Ball Slides 
Accuracy- straight line .0005 inches/inch of travel 
Repeatability- positional .00005 inches 
Ways and Ball Material- stainless steel type 440C(R 59) 
Lubrication~ none required 
AM-7 Oil Impregnated Bronze Bearings 
Material- Bronze - MI1-B-5687a type 1, Comp. A 
B15-1 Teflon Bearings 
T t 1 . ·t -400°F to 550°F empera ure 1m1 s 
Coefficient of friction 
Maximum Pressure 
EL-17 Miniature Pitch Chain 
Pitch 
Length 
.1475 inches 
20.58 inches 
EMl-31 Miniature Pitch Sprvckets 
0.20 
100 psi 
Pitch diameter 1.458 inches 
Outside diameter. 1.510 inches 
Number of teeth 31 
.. 
45 
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, .. 
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( 
Stock Drive Products 
• 
Division of Designatronics, Inc. 
55 South Denton Averiue 
New Hyde Park, NY 11040 
(516)328-0200 
1Bl-N32144 Spur Gear 
Pitch 
Pressure Angle 
Nual>er of teeth 
Pitch Diameter 
Outside Diameter 
Material 
Face Width 
1Bl-N32014 Spur Gear 
Pitch 
Pressure Angle 
Pitch Diameter 
Oatside Diameter 
.. 
Material 
Face Width 
_,, 
32 
14.5° 
144 
4.5 inches 
4.562 inches 
Brass 
.063 inches 
32 
14.5° 
.438 inches 
.500 inches 
Brass 
.063 inches 
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APPENDII 2 Lens Selection 
The program to determine the lens positions required: 
(1) Range of distances to the stage 
(2) Gate diameter 
(3) Minimum and maximum beam divergence angles 
(4) Possible lens focal length combinations 
(5) Minimum distance between the first lens and the gate 
,, 
The range of image size onstage was calculated using a set 
distance to the stage and: 
Where I • • • = min. or max. image size 
alpha= min. or max. beam divergence angle 
dist - distance to the stage 
The positions of a set lens combination were them determined 
using the thin lens approximation starting with placing the first 
,Ci 
lens at known distance from the gate. The position of the second 
lens was determined by using the thin lens approximation: 
ql=pl*fl*(pl-fl) 
Where ql = distance to the virtual image from the 
first lens 
\ s pl= distance from the first lens o the gate 
fl= focal length of the first lens 
47 
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Where -p2 = distance from the virtual image created 
by the first lens from the second lens 
q2 = distance from the second lens to the 
stage 
f2 = focal length of the second lens 
The distance between the second lens and the gate is calculated 
L2=p2+ql+pl 
Where 12 = distance between the second lens and the 
• 
gate 
The distances were then checked to insure that the first lens was 
'~~ 
in front of the second lens. If the second lens is in front of 
the first, the lens positions are impossible and the combination is 
thrown out. 
The size of the image onstage is calculated using: 
im=(ql/pl)*(q2/p2)*g 
Where • • • 1m - image size onstage 
g = gate diameter 
If the image size produced was. not within the range specified 
above, the lens comb~nation is thrown out. 
The distance to the stage • lS then increased and the lens 
positions are calculated, until th~ entire, range of distances to the 
stage are covered or until the lens combination is dicarded. 
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